Dynamic changes in the acetylation of core histones have a key role in the regulation of gene expression during development and differentiation. Modification of core histones by lysine acetylation is controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs), which are major epigenetic regulators. Eighteen HDACs grouped in four classes have been identified in mammalian organisms. These HDAC subgroups differ in their structure, tissue expression, intracellular localization and target specificity. Class I comprises HDAC1, HDAC2, HDAC3 and HDAC8, and the class II group, which is subdivided into class IIa and class IIb, includes HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10. HDAC11 is the only member representing class IV HDACs. The class III group of HDACs comprises sirtuins (Sirt1-7), which differ in their cofactor requirement for enzymatic activity 1,2 .
Dynamic changes in the acetylation of core histones have a key role in the regulation of gene expression during development and differentiation. Modification of core histones by lysine acetylation is controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs), which are major epigenetic regulators. Eighteen HDACs grouped in four classes have been identified in mammalian organisms. These HDAC subgroups differ in their structure, tissue expression, intracellular localization and target specificity. Class I comprises HDAC1, HDAC2, HDAC3 and HDAC8, and the class II group, which is subdivided into class IIa and class IIb, includes HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10. HDAC11 is the only member representing class IV HDACs. The class III group of HDACs comprises sirtuins (Sirt1-7), which differ in their cofactor requirement for enzymatic activity 1, 2 .
The use of HDAC inhibitors revealed important immunological processes dependent on HDAC activity, and several mammalian deacetylases, including HDAC1, HDAC2, HDAC3, HDAC7 and HDAC9, have been implicated in regulation of T cell development and function [3] [4] [5] . Nevertheless, unique functions of individual HDAC members in specific T cell functions are still only poorly understood. T cell-specific loss of HDAC1 (using a Cd4-Cre deletion) leads to enhanced allergic airway inflammation and increased T H 2 cell cytokine production, but T cell development is not impaired in these mice 6 . However, HDAC2 is upregulated in the absence of HDAC1; thus, compensatory pathways or functions between these two closely related class I HDAC family members could occur in T cells, as described for several other cell systems [7] [8] [9] [10] . Indeed, mice with an Lck-Cre-mediated T cell-specific combined deletion of HDAC1 and HDAC2 display severely reduced thymic cellularity, accompanied by a block at the CD4 − CD8 − double-negative (DN) to CD4 + CD8 + double-positive (DP) transition 11, 12 . A block at the pro-pre-B to pre-B transition during B cell development also has been observed after the B cell-specific loss of HDAC1 and HDAC2 (ref. 10 ). Mice with a reduced combined activity of HDAC1 and HDAC2 (i.e., both Hdac1 alleles and one Hdac2 allele deleted) undergo neoplastic transformation of immature thymocytes. These tumor cells become aneuploid and display enhanced expression of c-Myc 11, 12 . Together, this indicates that HDAC1 and HDAC2 are essential for early T cell development and the control of genomic stability in immature T cells.
Here we investigated the role of HDAC1 and HDAC2 at later stages during T cell development. We show that Cd4-Cre-mediated T cell-specific loss of HDAC1 and HDAC2 led to the appearance of MHC class II-selected CD4 + helper T cells that spontaneously expressed CD8-lineage genes such as Cd8a, Cd8b1 and Eomes (encoding eomesodermin). HDAC1 and HDAC2-deficient (Hdac1 loxP/loxP Hdac2 loxP/loxP Cd4-Cre here abbreviated Hdac1 f/f Hdac2 f/f Cd4-Cre and designated 'HDAC1-2' conditional knockout (cKO)), T cells of the CD4 lineage had normal expression of Th-POK protein under homeostatic conditions and upregulated CD154 upon activation, which are characteristic features of helper T cells. However, activated HDAC1-2 cKO CD4 + T cells acquired CD8 + effector T cell features, indicated by a strong further upregulation of eomesodermin, by high production of interferon gamma (IFN-γ), and by the increased expression of Runx3, T-bet, granzyme B and perforin. Expression of genes characteristic of CD8 + effector T cells in activated HDAC1-2 cKO CD4 + T cells required Runx-CBFβ, and correlated with the presence of Runx-CBFβ complexes and local histone hyperacetylation at the promoter regions of these genes. These observations revealed that HDAC1 and HDAC2 are essential to maintain integrity of the CD4 lineage by repressing genes of the CD8 lineage in CD4 + T cells.
RESULTS

Appearance of CD4 + CD8 + T cells in HDAC1-2 cKO mice
To investigate redundant and nonredundant functions of HDAC1 and HDAC2, we generated mice with a conditional T cell-specific (using Cd4-Cre) combined loss of HDAC1 and HDAC2. Similar to Hdac1 f/f Cd4-Cre mice 6 , Hdac2 f/f Cd4-Cre (here referred to as HDAC2 cKO) mice did not display developmental alterations in the thymus and had normal CD4 + and CD8 + T cell numbers in the spleen in comparison to wild-type mice (data not shown). HDAC2 protein was progressively lost during T cell development and was not detectable in peripheral HDAC2 cKO T cells, which showed efficient deletion ( Supplementary Fig. 1a-c ). Naive and effector T cells as well as Foxp3 + regulatory T cells were present at numbers similar to those in wild-type mice ( Supplementary Fig. 1d,e) , which indicated normal T cell homeostasis, although HDAC1 was upregulated in the absence of HDAC2 (Supplementary Fig. 1f ).
HDAC1-2 cKO mice displayed a 2-3-fold reduction of peripheral T cell numbers (Fig. 1a,b) . However, a large population of CD4 + CD8 + peripheral T cells (up to 16%) was present in HDAC1-2 cKO mice (Fig. 1a) . These CD4 + CD8 + T cells expressed CD8α-CD8β heterodimers ( Fig. 1c) with similar TCRβ and reduced CD4 expression compared to wild-type CD4 + T cells ( Supplementary  Fig. 2a,b) . In addition, a fraction of Foxp3 + HDAC1-2 cKO CD4 + T cells (~3-4%) also expressed CD8 (Supplementary Fig. 2c ). The percentage of CD44 hi CD4 + and CD44 hi CD8 + T cells was not changed in HDAC1-2 cKO mice. However, CD44 hi subsets in the CD4 + CD8 + T cell population were reduced (~2.6-3-fold) compared to CD4 + and CD8 + T cells in HDAC1-2 cKO mice (Supplementary Fig. 2d ). Upon ex vivo short-term activation, HDAC1-2 cKO CD4 + CD8 + T cells displayed a cytokine profile characteristic of naive cells ( Supplementary  Fig. 2e,f) and did not show upregulation of memory markers under homeostatic conditions (Supplementary Fig. 2g ). This suggests that HDAC1-2 cKO CD4 + CD8 + T cells are naive T cells. HDAC1-2 cKO mice displayed an ~1.6-fold enhanced Annexin V + fraction of peripheral CD8 + T cells, whereas there was no change in the CD4 + T cell population (Fig. 1d,e) . Moreover, HDAC1-2 cKO CD4 + CD8 + T cells displayed a similar percentage of Annexin V + cells as the CD4 + T cell subset (Fig. 1d,e) . Together, this indicates that loss of HDAC1 and HDAC2 leads to reduced peripheral T cell numbers and to the appearance of CD4 + CD8 + T cells.
A detailed analysis of thymocyte subsets in HDAC1-2 cKO mice showed normal percentages of CD4 + single-positive (SP) (CD4SP) and CD8SP thymocytes as well as normal percentages and numbers of TCRβ hi cells (Fig. 2a-d) . Expression of CD5, CD69 and CD24 in HDAC1-2 cKO DP thymocytes was similar to wild-type DP thymocytes, and TCRβ hi CD4SP and TCRβ hi CD8SP cells upregulated CD5 normally, indicating no major alteration in TCR signaling during positive selection (Fig. 2a) . However, the percentage and numbers of mature TCRβ hi CD24 lo cells were ~70% reduced in HDAC1-2 cKO mice, whereas the number of TCRβ hi CD24 hi cells was similar to that in wild-type mice (Fig. 2a,c,d ). There was also a small reduction of the percentage of CD69 + CD8 + SP cells (data not shown). Mature HDAC1-2 cKO TCRβ hi CD24 lo thymocytes contained a substantial CD4 + CD8 + T cell population (up to 7%) in addition to regular CD4SP and CD8SP thymocytes (Fig. 2e) , indicating that CD4 + CD8 + T cells are emerging already during T cell development. In vivo 5-bromodeoxyuridine (BrdU) labeling experiments showed that the frequency of BrdU + TCRβ hi CD24 lo thymocytes was similar in wild-type and HDAC1-2 cKO thymi ( Fig. 2f) , whereas the percentage of Annexin V + TCRβ hi CD24 lo was ~1.4-fold increased (although not significant) in HDAC1-2 cKO mice compared to wild type (Fig. 2g) . This suggests a partial loss of mature TCRβ hi CD24 lo cells resulting from apoptosis rather than a developmental block at the CD24 hi to CD24 lo transition. Moreover, the generation of either wild-type (CD45.1 + ) and wild-type (CD45.2 + ) or wild-type (CD45.1 + ) and HDAC1-2 cKO (CD45.2 + ) mixed bone marrow (BM) chimeric mice indicated that the reduction in T cell numbers and the appearance of CD4 + CD8 + T cells are cell-intrinsic effects (Supplementary Fig. 3a) . Taken together, the data indicate T cell-intrinsic defects in HDAC1-2 cKO mice that lead to reduced T cell numbers and the appearance of peripheral CD4 + CD8 + T cells. (Fig. 3a) . In HDAC1-2 cKO chimeric B2m −/− mice both CD4 + T cells and CD4 + CD8 + peripheral T cell subsets developed (Fig. 3a) , whereas both subsets were absent or markedly reduced in HDAC1-2 cKO mice that have been crossed onto a MHC class II-deficient (H2-Ab1 −/− ) background (Fig. 3b) . These results indicated that the peripheral CD4 + CD8 + T cells in HDAC1-2 cKO were MHC class II-restricted (Fig. 3a) . Moreover, the CD4 + CD8 + T cells isolated from HDAC1-2 cKO chimeric B2m −/− mice or from HDAC1-2 cKO mice upregulated CD154 upon activation ( Fig. 3c and Supplementary Fig. 3b ), thus displaying features of the helper lineage. Only a fraction of the HDAC1-2 cKO CD4 + T cells upregulated CD8 under homeostatic conditions in vivo. We excluded inefficient deletion and thus escape of cells that retained Hdac1 and/or Hdac2 alleles, because a PCR analysis revealed that the majority of cells (>95%) had deleted Hdac1 and Hdac2 alleles (Supplementary Fig. 3c ). Intracellular staining showed that >99% of wild-type CD4 + T cells expressed high amounts of HDAC1 and HDAC2 (Fig. 3d) . In HDAC1-2 cKO CD4 + T cells, residual HDAC1 and HDAC2 protein expression was still detectable (Fig. 3d,e) . However, the percentage of cells expressing HDAC1 and HDAC2 was reduced by ~50%, and the amounts of HDAC1 and HDAC2 protein were reduced by ~60% in HDAC1-2 cKO CD4 + T cells compared to wild-type CD4 + T cells (Fig. 3e,f) and protein amounts were even further reduced (by ~25-30%) in HDAC1-2 cKO CD4 + CD8 + T cells compared to HDAC1-2 cKO CD4 + T cells (Fig. 3f) . This indicates a slow disappearance of HDAC1 4a) and upregulation of CD25 and CD69 ( Fig. 4b) to anti-CD3 and anti-CD28 stimulation, which suggested that early T cell activation pathways are not altered in the absence of HDAC1 and HDAC2. A large proportion (up to 45%) of HDAC1-2 cKO CD4 + T cells upregulated CD8 (Fig. 4c) , whereas control wild-type CD4 + T cells (Fig. 4c) or single Hdac1 f/f Cd4-Cre or Hdac2 f/f Cd4-Cre CD4 + T cells (data not shown) remained CD8 − . HDAC1-2 cKO CD8 + T cells did not upregulate CD4 (Fig. 4c) . Upregulation of CD8 expression was not potentiated by TGF-β (data not shown), which is known to induce CD8 expression on a fraction of CD4 + T cells 13 . Because the Cd8 enhancer E8 I directs CD8 expression in mature CD8 + T cells [14] [15] [16] , we tested whether E8 I is required for CD8 expression in HDAC1-2 cKO CD4 + CD8 + T cells. In comparison to E8 I +/+ HDAC1-2 cKO mice, in E8 I −/− HDAC1-2 cKO mice CD4 + CD8 + T cell numbers were reduced by ~50%, and cells from the latter mice had lower CD8 expression (~30% less mean fluorescence intensity) ( Fig. 4d-f) . Moreover, ex vivo-activated E8 I −/− HDAC1-2 cKO CD4 + T cells showed impaired upregulation of CD8 in comparison to activated E8 I +/+ HDAC1-2 cKO CD4 + T cells ( Supplementary  Fig. 3d ). These data indicate derepression of Cd8 in all HDAC1-2 cKO CD4-lineage T cells and show that CD8 expression in HDAC1 and HDAC2-deficient CD4-lineage T cells is largely dependent on E8 I .
HDAC1-2 cKO CD4 + T cells acquire CD8 + effector T cell features
To characterize HDAC1-2 cKO CD4 + and CD4 + CD8 + T cell subsets, we analyzed gene expression using Agilent arrays. 450 genes were upregulated and 162 genes were downregulated in HDAC1-2 cKO CD4 + T cells compared to wild-type CD4 + T cells ( Supplementary  Fig. 4a ,b and Supplementary Table 1) . Moreover, upregulation of Cd8a and Cd8b1 in HDAC1-2 cKO CD4 + CD8 + T cells was accompanied by the enhanced expression of Eomes (5.4-fold), Runx3 (1.9-fold) and Tbx21 (encoding T-bet; 3.6-fold) ( Supplementary Fig. 4c,d ), which are essential transcription factors required for induction of the cytotoxic effector T cell program in CD8 + T cells 17, 18 . In contrast, the expression of genes of the CD4 lineage, such as Cd4 and Zbtb7b A r t i c l e s (encoding Th-POK) was reduced in HDAC1-2 cKO CD4 + CD8 + T cells (0.4-fold and 0.5-fold, respectively) ( Supplementary Fig. 4c) . Thus, certain genes characteristic for the CD8 lineage and for a CD8 + effector T cell program are derepressed in CD4-lineage T cells in the absence of HDAC1 and HDAC2. Next, we tested whether the increased CD8-lineage gene expression in HDAC1-2 cKO CD4-lineage T cells correlated with the acquisition of CD8 + effector T cell functions upon activation. Because we observed a strong induction of apoptosis after 3 d of activation (Fig. 4g) during the culture of HDAC1-2 cKO CD4 + T cells, similar to observations reported for B cells, fibroblasts and keratinocytes 7,9,10 , naive HDAC1-2 cKO CD4 + T cells and CD8 + T cells were activated with anti-CD3 and anti-CD28 only for 60 h. Under these non-polarizing 'T H 0' conditions, HDAC1-2 cKO CD4 + T cells produced increased amounts of IFN-γ (Fig. 5a,c) and displayed increased expression of Granzyme B (approximately sevenfold on mRNA level) in comparison to activated wild-type CD4 + T cells (Fig. 5b,d) . Moreover, Prf1 (encoding Perforin) expression was fourfold higher (although not significant; Fig. 5b ). In addition, HDAC1-2 cKO CD4 + T cells upregulated eomesodermin (~23-fold on mRNA level) to a level equivalent to that in CD8 + T cells and expressed significantly higher amounts of T-bet (encoded by Tbx21) (~2.6-fold on mRNA level) and Runx3 (~2.5-fold), while Zbtb7b expression was decreased (approximately twofold) (Fig. 5b,c) . As observed for ex vivo-activated HDAC1-2 cKO CD4 + T cells (Fig. 4c) , sorted naive HDAC1-2 cKO CD4 + T cells also upregulated CD8 upon activation (Fig. 5d) . Those HDAC1-2 cKO CD4 + T cells that upregulated CD8α exhibited a similar cell division rate compared to the cells that were still CD8α − (Fig. 5e) , making it unlikely that the appearance of HDAC1-2 cKO CD4 + CD8 + T cells upon activation is due to preferential proliferation of cells that had already upregulated CD8. Moreover, expression of Cd8a, Runx3 and Eomes in activated HDAC1-2 cKO CD4 + T cells correlated with enhanced H3K9Ac histone marks at the promoter regions of these gene loci and at the Cd8 enhancer E8 I in comparison to activated wild-type CD4 + T cells, whereas repressive H3K27me3 marks were reduced (Fig. 5f) . We also examined the recruitment of HDAC1 and HDAC2 to the Cd8a, Cd8b1, Runx3 and Eomes promoter regions, and to E8 I , using chromain immunoprecipiation (ChIP) assays. We observed HDAC1 and HDAC2 binding to the regulatory regions of CD8-lineage genes both in CD4 + and CD8 + T cells ( Supplementary  Fig. 5a ). Upon activation, HDAC1 association with CD8 + lineage genes was slightly increased in CD4 + T cells but was reduced in activated CD8 + T cells. In contrast, HDAC2 association with regulatory regions of CD8-lineage genes was increased upon activation both in CD4 + and CD8 + T cells (Supplementary Fig. 5a ). This suggests that binding of HDAC1 and HDAC2 is not indicative of whether the analyzed genes are repressed by HDAC1 and HDAC2 or not.
To investigate the role of HDAC1 and HDAC2 in the repression of a CD8 + effector T cell lineage program, we polarized wild-type and HDAC1-2 cKO CD4 + T cells under T H 1-and T H 2-polarizing conditions. T H 1-polarized HDAC1-2 cKO CD4 + T cells displayed a similar upregulation of features of the CD8 lineage as observed for HDAC1-2 cKO CD4 + T cells activated under T H 0 conditions (Fig. 6a,b ). In contrast, T H 2-polarizing conditions repressed the induction of a CD8 + T cell program in the absence of HDAC1 and HDAC2 (Fig. 6a,b) . Of note, the addition of IL-4 alone (in the absence of anti-IFN-γ or anti-IL-12 blocking antibodies) was sufficient to repress the induction of CD8 in activated HDAC1-2 cKO CD4 + T cells (Fig. 6c) . In contrast, the addition of IL-12 or IFN-γ did not alter the extent of CD8 upregulation upon activation (Fig. 6c) . Together, these data indicate that HDAC1 and HDAC2 are required for the repression of a CD8-lineage program in T H 0 and T H 1 cells, whereas HDAC1-2 cKO T H 2-polarized cells maintain the repression of a CD8 program.
Normal Th-POK expression in HDAC1-2 cKO CD4 + T cells The transcriptional regulator Th-POK has been implicated in the repression of the Cd8 loci and other CD8-lineage genes in CD4-lineage T cells [19] [20] [21] [22] . Zbtb7b mRNA levels were reduced by 40-50% in HDAC1-2 cKO CD4 + CD8 + T cells compared to HDAC1-2 cKO CD4 + T cells and wild-type CD4 + T cells ( Supplementary  Fig. 4c,d ). Immunoblot analysis indicated that Th-POK expression in CD4 + and CD4 + CD8 + T cells from HDAC1-2 cKO mice was similar to that in wild-type CD4 + T cells (Fig. 7a,b) . Normal Th-POK protein amounts in CD4 + CD8 + T cells, despite reduced mRNA expression under homeostatic conditions, might indicate increased Th-POK protein stability in the absence of HDAC1 and HDAC2. To study Zbtb7b expression in single cells, we crossed HDAC1-2 cKO mice with green fluorescent protein (GFP) reporter knock-in mice, in which GFP expression is driven by the endogenous Zbtb7b regulatory elements 23 . We found similar GFP expression in CD4 + T cells from Zbtb7b +/GFP mice and Zbtb7b +/GFP HDAC1-2 cKO mice, although the percentage of GFP + Th-POK-expressing CD4 + T cells was slightly reduced in HDAC1-2 cKO mice (Fig. 7c) . Of note, a fraction (up to 25%) of HDAC1-2 cKO CD8 + T cells expressed GFP (Fig. 7c) . There was also high expression of GFP in CD4 + CD8 + HDAC1-2 cKO T cells (Fig. 7c) . Thus, CD8-lineage genes are derepressed in HDAC1-2 cKO helper T cells under homeostatic conditions despite normal expression of Th-POK protein.
The CD8 + effector T cell program depends on Runx-CBFb Runx-CBFβ complexes are essential for the differentiation of CD8 + effector T cells 17, 18, 24 . Runx3 protein was highly upregulated (~6-7-fold) in activated HDAC1-2 cKO CD4 + T cells in comparison to wild-type CD4 + T cells (Fig. 8a) . Runx3 expression was also induced in activated wild-type CD4 + T cells in the presence of MS-275, a specific inhibitor of most class I HDACs (i.e., HDAC1, HDAC2 and HDAC3) 25 . To test whether the induction of CD8-lineage genes in HDAC1-2 cKO CD4 + T cells is dependent on Runx factors, we crossed HDAC1-2 cKO mice with Cbfb f/f mice 26 to induce conditional deletion of CBFβ. Activated Cbfb f/f HDAC1-2 cKO CD4 + T cells displayed a marked reduction of CD8 + effector T cell program induction compared to HDAC1-2 cKO CD4 + T cells, indicated by the diminished expression of CD8α, eomesodermin, granzyme B, T-bet and IFN-γ (Fig. 8b,c) . Runx-CBFβ complexes bind to CD8-lineage effector genes such as Prf1, Gzbm, Ifng 18 and to Cd8 enhancer E8 I 16,27 in activated CD8 + T cells. Runx-CBFβ complexes bound to these gene regions in activated HDAC1-2 cKO CD4 + T cells but not in wild-type CD4 + T cells (Fig. 8d) , which suggests that Runx-CBFβ complexes are required for induction of CD8-lineage genes in HDAC1-2 cKO helper T cells.
Next, we expressed Runx3 from a retrovirus in wild-type CD4 + T cells in the presence or absence of MS-275. The retroviral construct contained an internal ribosomal entry site followed by GFP to (Fig. 8e) , which indicates that class I HDACs are required to maintain the repression of these genes characteristic of CD8 + effector T cells, in addition to Runx3 (Fig. 8a) , in CD4-lineage T cells.
Treatment of activated CD8 + T cells with MS-275 did not upregulate CD4 expression (data not shown). Enforced retroviral expression of
Runx3 induced expression of CD8α, granzyme B and IFN-γ, which were additionally upregulated in synergy with MS-275 (Fig. 8e) . In contrast, treatment of Runx3-transduced cells with the HAT inhibitor anacardic acid 28 reduced the effect of Runx3 on the induction of CD8 but not on expression of granzyme B or IFN-γ (Fig. 8e) . Similarly, treatment with anacardic acid antagonized the upregulation of CD8 in HDAC1-2 cKO CD4 + T cells (Fig. 8f) . Finally, MS-275-treated E8 I −/− or Cbfb f/f -Cd4-Cre CD4 + T cells displayed impaired upregulation of CD8 (Fig. 8g) and the upregulation of CD8 upon retroviral expression of Runx3 and MS275 treatment was reduced in E8 I −/− CD4 + T cells in comparison to wild-type CD4 + T cells (data not shown), which suggests an important role for E8 I and Runx-CBFβ in the induction of CD8 expression.
The CD8 + effector T cell program was not induced in HDAC1-2 cKO CD4 + T cells under T H 2 polarizing conditions (Fig. 6a,b) . GATA-3, which is a key factor driving T H 2 differentiation, inhibits T H 1 differentiation and was shown to repress Runx3-mediated Ifng induction 29, 30 . To test whether GATA-3 might counteract the MS-275-mediated induction of CD8, we retrovirally expressed GATA-3 in wild-type CD4 + T cells in the presence or absence of MS-275. Whereas MIGR-control vector transduced cells upregulated CD8 expression upon MS-275 treatment, GATA-3 expressing cells showed a reduced upregulation of CD8 (Supplementary Fig. 5b ). This indicates that GATA-3 impairs the upregulation of CD8 upon inhibition of class I HDACs. Together, these data suggest that the induction of a CD8 + effector T cell program in the absence of HDAC1 and HDAC2 is dependent on the activity of Runx-CBFβ complexes and that class I HDACs are required to maintain the repression of a CD8 + effector T cell program in CD4-lineage T cells.
Loss of HDAC1 and HDAC2 affects potential nonhistone targets
HATs and HDACs mediate dynamic changes in the acetylation of core histones at lysine residues and are thus considered key epigenetic regulators of gene expression. Many nonhistone targets of HATs and/or HDACs, however, are emerging in which lysine acetylation has been shown to affect protein-protein and protein-DNA interactions, protein stability and intracellular localization 31 . To identify potential nonhistone HDAC targets that might have an altered stability due to the lack of HDAC1 and HDAC2, we investigated whether there are differences in protein expression but not in mRNA expression. Therefore, we performed a mass spectrometry analysis of wild-type and HDAC1-2 cKO CD4 + T cells under homeostatic conditions. This revealed 255 proteins as differentially abundant in the absence of HDAC1 and HDAC2 A r t i c l e s (out of 5,138 quantitated proteins; Supplementary Table 2) . A correlative analysis of the proteomic data and the gene expression arrays identified 189 genes as differentially expressed at the protein level but not at the mRNA level (Supplementary Fig. 5c and Supplementary Table 3) . This indicates potential nonhistone targets of HDAC1 and HDAC2 that might have altered protein stability owing to changes in post-translational lysine acetylation patterns. Thus, loss of HDAC1 and HDAC2 affects CD4 + T cells at the transcriptional (chromatin) and post-translational level.
DISCUSSION
In this study we provide genetic evidence that HDAC1 and HDAC2 control CD4 + T cell lineage integrity and T cell homeostasis. CD4 + and CD4 + CD8 + T cells in HDAC1-2 cKO mice were MHC class IIrestricted, expressed Th-POK under homeostatic conditions and upregulated CD154 upon activation, thus displaying defined features of CD4-lineage cells. However, the observation that a Runx-CBFβ complex-dependent CD8 + effector T cell program is upregulated in HDAC1-2 cKO CD4-lineage cells upon activation revealed that HDAC1 and HDAC2 are essential to repress features of the CD8 lineage in CD4 + T cells. Moreover, our study showed that late (Cd4-Cre) deletion of HDAC1 and HDAC2 led to reduced numbers of peripheral T cells and to a strong induction of apoptosis in CD4 + T cells after 3 d of activation. This indicates that HDAC1 and HDAC2 are also essential for the generation of the peripheral T cell pool and for the survival of proliferating CD4 + T cells.
Our data show that HDAC1 and HDAC2 repress features of the CD8 lineage in CD4 + T cells. The presence of a small fraction of HDAC1-2 cKO CD4 − CD8 + T cells in MHC class I chimeric mice might suggest Ctrl.
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Anacardic acid A r t i c l e s that some MHC class II-restricted HDAC1-2 cKO CD4 + T cells were redirected into the CD8 + lineage. Runx-CBFβ complexes are essential for the differentiation of CD8 + effector T cells 17, 18, 24 . Based on our data, we propose that HDAC1 and HDAC2 maintain integrity of the CD4 lineage by repressing Runx-CBFβ complexes. Our mRNA expression analysis and ChIP experiments suggested that HDAC1 and HDAC2 directly suppress the transcription of the Runx3 gene in CD4 + T cells. It is conceivable that the strong induction of Runx3 expression in HDAC1-2 cKO CD4-lineage T cells is the initiating event in the induction of a CD8 + effector T cell program, in part via recruitment of Runx-CBFβ complexes to target genes such as Cd8, GzmB, Prf1 and Ifng. Within the Cd8ab gene complex, Runx-CBFβ complexes were bound to the Cd8 enhancer E8 I , and the induction of CD8 in HDAC1-2 cKO CD4 + T cells was largely dependent on E8 I . Preliminary data using Cd8 enhancer E8 I ,E8 II -deficient mice 32 also indicate a role for E8 II in this process, because HDAC1-2 cKO CD4 + T cells did not upregulate CD8 under homeostatic conditions in the combined absence of E8 I and E8 II (data not shown). Moreover, eomesodermin and T-bet, which are important for the induction of the cytotoxic program 17 , were upregulated in HDAC1-2 cKO CD4-lineage T cells in a Runx-CBFβ-dependent manner, and it is conceivable that Runx3, eomesodermin and T-bet together regulate the induction of the CD8 + effector T cell program in HDAC1-2 cKO CD4 + T cells. Th-POK, which is a master commitment factor for the development of CD4-lineage T cells 33, 34 , represses the expression of genes specific to the CD8 lineage [20] [21] [22] . Loss of HDAC1 and HDAC2 recapitulates in part the phenotype of a 'hypomorphic' Zbtb7b allele in CD4 + T cells, which acquire some CD8-lineage characteristics and start to express certain cytotoxic effector genes such as perforin and granzyme B 21, 22 . Ex vivo, HDAC1-2 cKO CD4 + CD8 + T cells had similar Th-POK protein expression as wild-type and HDAC1-2 cKO CD4 + T cells, although Zbtb7b mRNA expression was slightly reduced in HDAC1-2 cKO CD4 + CD8 + T cells in comparison to wild-type and HDAC1-2 cKO CD4 + T cells. This might indicate that HDAC1 and HDAC2 are part of a regulatory complex that controls stability of Th-POK, because acetylation of Th-POK, mediated by the HAT p300, has been shown to stabilize Th-POK 35 . Thus, the derepression of certain CD8-lineage genes in CD4 + T cells in the absence of HDAC1 and HDAC2 under homeostatic conditions is not due to reduced expression of Th-POK protein, although we cannot rule out that Th-POK requires (in part) HDAC1 and HDAC2 to exert its activity. However, HDAC1-2 cKO CD4 + T cells upon activation downregulated Zbtb7b expression compared to activated wild-type CD4 + T cells; thus it is likely that reduced expression of Zbtb7b might enhance and/or contribute to the induction of a CD8 + effector T cell program upon activation in the absence of HDAC1 and HDAC2.
The induction of a CD8 + effector T cell program was repressed in HDAC1-2 cKO CD4 + T cells under T H 2-polarizing conditions. This demonstrates that the upregulation of CD8 + effector T cell genes is not a 'general' feature of HDAC1-2 cKO CD4 + T cells. GATA-3, the key transcription factor for T H 2 cell differentiation inhibits T H 1 cell differentiation and was shown to repress Runx3-mediated Ifng induction 29, 30 . Our observation that enforced GATA-3 expression in MS-275-treated wild-type CD4 + T cells impaired the upregulation of CD8 suggests that GATA-3 contributes to the repression of a CD8 program in T H 2 cells in the absence of HDAC1 and HDAC2, perhaps via blocking the activity of Runx3. In contrast, CD8 upregulation was not influenced by enforced expression of eomesodermin (data not shown). Preliminary results indicate that HDAC1-2 cKO T H 17 cells also repress the induction of a CD8 + effector T cell program (data not shown), which suggests that other factors in addition to GATA-3 might interfere with the activity of Runx3 in the absence of HDAC1 and HDAC2 as well. Additional studies are required to investigate the regulatory hierarchy among HDAC1, HDAC2, Runx3, Th-POK, eomesodermin, T-bet and GATA-3.
Our study also provides insight into HDAC1 and HDAC2-mediated transcriptional regulation of the T cell transcriptome. The expression of a small number of genes was altered in HDAC1-2 cKO CD4 + T cells (612 genes, >twofold absolute change; P < 0.05, twotailed unpaired Student's t-test), which indicates a high specificity of HDAC1 and HDAC2 in the regulation of gene expression. More genes were upregulated than downregulated in HDAC1-2 cKO CD4 + T cells, which demonstrated the repressive function of complexes containing HDAC1 and HDAC2. Future experiments using ChIP following by sequencing (ChIP-seq) approaches will be important to determine which of the deregulated genes are direct HDAC1 and HDAC2 target genes, although our ChIP assays on selected CD8-lineage genes suggest that HDAC1 and HDAC2 binding is not indicative whether a gene is repressed by HDAC1 and HDAC2 or not.
HDACs are considered general chromatin-modifying regulators of gene expression, although many nonhistone targets of HATs and HDACs are currently emerging. Lysine acetylation of proteins has been shown to affect protein-protein and protein-DNA interactions, protein stability and intracellular localization 31 . The correlative analysis of our proteomic data with gene expression arrays identified 189 genes as differentially expressed between wild-type and HDAC1-2 cKO CD4 + T cells at the protein but not at the mRNA level. This indicates potential nonhistone targets of HDAC1 and HDAC2 that might have altered protein stability because of changes in posttranslational lysine-acetylation patterns. Thus, these data suggest that loss of HDAC1 and HDAC2 affects CD4 + T cells at the transcriptional (chromatin) as well as post-translational modification level. Runx3 protein amounts can be controlled by competitive lysine acetylation and deacetylation 36 , which suggests an additional posttranslational regulation of Runx3 expression, although preliminary data using cycloheximide approaches suggest that Runx3 stability is not increased in activated HDAC1 and HDAC2-deficient CD4 + T cells (data not shown). Additional studies are required to determine whether post-translational modifications of Runx3 are altered in the absence of HDAC1 and HDAC2 that affect Runx3 activity and/or stability.
Finally, our study also shows that HDAC2 is not required for (late) T cell development and the generation of the peripheral T cell pool. As HDAC1-deficient or HDAC2-deficient T cells displayed a compensatory upregulation of HDAC2 or HDAC1, respectively, it is likely that a combined activity of HDAC1 and HDAC2 above a certain threshold is sufficient to allow proper development of T cells. Loss of HDAC1 and HDAC2 in mouse embryonic fibroblasts 9 , keratinocytes 7 or B cells 10 leads to a cell-cycle block at the G1 to S transition and an induction of apoptosis. Similarly, loss of HDAC1 and HDAC2 at early stages of T cell development (Lck-Cre) leads to a severe reduction of thymocyte numbers, most likely owing to a block in cell-cycle progression at the pre-TCR stage 11, 12 . A potential explanation why peripheral T cells are still present, although at reduced numbers, upon simultaneous ablation of HDAC1 and HDAC2 using Cd4-Cre might be the low proliferation rate of mature CD4 + SP and CD8 + SP thymocytes and naive peripheral T cells, which allows those cells to keep residual HDAC1 and HDAC2 protein upon deletion of the Hdac1 and Hdac2 alleles in amounts that are sufficient for survival. However, the increase in Annexin V + T cells under homeostatic conditions and the strong induction of apoptosis in CD4 + T cells after 3 d of activation indicates that HDAC1 and HDAC2 are also essential for the generation of the
